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ABSTRACT 

24.0" 
A simulation study ana lys i s  i s  pe r fo rmed  on the E lec t r i c  Power  

sys t em for  the Lunar  Mobile Labora to ry  (MOLAB). 

and component is analyzed and re la ted  to  the in tegra ted  s y s t e m .  C h a r a c t e r -  

ization of subsys t em and components  is p e r f o r m e d  utilizing s imple  e l ec t r i ca l  

analogues to d e s c r i b e  f lows of hea t ,  f lu ids ,  and g a s e s  as re la ted  to s y s t e m  

o b s e r v a b l e s  and device p a r a m e t e r s .  

E a c h  subsys t em 
~ 

I 

The  p rob lems  of logical control  

and decis ion in the a r e a  of the power dis t r ibut ion s y s t e m  a r e  

and examined as re la ted  to automatic  operat ion.  
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PREFACE 

This report covers the work performed as Task Order N-  48 by the Northrop 
Space Laboratories, Huntsville Department under contract NAS 8-1 1096 to the 
George C .  Marshall Space Flight Center.  The work herein represents the re- 
sults of 20 man-week of effort, starting October i, 1964, and terminating March 
16, 1965. 

The task covers a simulation study analysis of the electrical power system 
for a Lunar Mobile Laboratory. The NASA Technical Liaison Representative 
was Mr. E. E. Dungan of the Advanced Studies Office, Astrionics Laboratory. 
The task forms one of the current se r ies  of Apollo Logistics Support Systems 
studies assigned to the Huntsville Department of Northrop Space Laboratories. 
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SECTION 1 .0  

SUMMARY 

P 

A simulation study analysis is performed on the Electr ic  Power 

System for  the Lunar Mobile Laboratory (MOLAB). 

The pr imary  Chemical Electric Power System (CHEPS) consists 

of hydrogen-oxygen gas fuel cel l  modules, a Reactant Control System (RECS),' 

a Thermal  Management System (THEMS) and a Power Distribution System 

(PDS). The a r e a s  for  investigation a r e  as follows: 

1. Formalization of thermal and electr ical  interior functions 

of hydrogen-oxygen fuel cells  related to exter ior  input- 

output conditions and device parameters .  

Formalization of thermal interior functions related to input- 

output condition for  a double exchanger space radiator and 

a radioisotope generator of modified SNAP- 19 configuration. 

Definition and analysis of servo systems in the a r e a  of RECS. 

Formalization of logical control aspects and "worst case" 

condition in the area of PDS. 

2. 

3. 

4. 

In i tems one (1) through three ( 3 )  above i t  has been found that simple 

electr ical  analogues a r e  effective in relating all observables to device p a r a -  

m e t e r s .  

In i tem four  (4) i t  is found that a trade-off may exist  in the degree 

of automaticity of PDS control as  related to human function and integrated 

sys tem reliability. 



SECTION 2 . 0  

INTRODUCTION 

Operational r e q u i r e m e n t s  have been placed upon the astror lauts  
during the four teen  (14) day MOLAB lunar  m i s s i o n  to p e r f o r m  functions 
re la ted  to observa t ion ,  s t ee r ing ,  navigation and communicat ion.  T h e s e  
functions r educe  the budget of t i m e  that m a y  be  allotted to repet i t ive,  
laborious t a sks  o r  calculat ions of a routine na tu re .  P e r i o d s  of r e s t  
and sleep leave  the vehicle unattended. 
high level of automatici ty  in the rout ine control  and regulation of the 
fuel ce l l  e lec t r ic  power s y s t e m .  
power management  impl ies  a thorough knowledge of all complex  func'-  
t ional re la t ionships  involving sys t em components  and control led 
var iab les  during opera t iona l  conditions. 

The  r equ i r emen t  a r i s e s  fo r  a 

Accomplishment  of au tomat ic  fuel ce l l  

2 
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SECTION 3 .0  

SCOPE 

+- 

c\;T;his study sha l l  encompass  an  ana lys i s  of the simulation of 
each  sen  ed and control led var iab le  of the MOLAB hydrogen-oxygen fuel 
ce l l  e l ec t r i c  power s y s t e m .  The e lec t r ic  power s y s t e m  sha l l  cons is t  of 
the following genera l  a r e a s  for the  purposes  of ana lys i s :  

1. 

2. 

3 .  A space  rad ia tor .  

H2 - O2 F u e l  Cel l  Modules .  

Cryogenic  r eac t an t s ,  tankage, and con t ro l s .  

4. A power dis t r ibut ion s y s t e m .  

5. A t h e r m a l  management  system. 

6.  S e n s o r s  and controls  associated with the  foregoing a r e a s .  

3 



SECTION 4 .0  

PROBLEM DEFINITION 

4.1 Genera l  - The  continuous opera t ion  of the MOLAB e l e c t r i c  
power sys tem demands  the  au tomat ic  regulat ion and cont ro l  of 
numerous  s y s t e m  functions.  
functions under d i s tu rbances  in  load,  environment  and p a r a m e t e r  var ia t ion  
and degradation f o r m  a gene ra l  specif icat ion.  
the effects of component and subsys t em upon e l e c t r i c  power s y s t e m  
pe r fo rmance ,  an ana lys i s  of s imulat ion i s  h e r e i n  p e r f o r m e d .  

Accura t e  main tenance  of s y s t e m  contm l led  

In o r d e r  to f u r t h e r  define 

4 . 2  System Charac te r i za t ion  - F o r  the  pu rposes  of ana lys i s  and 
delineation of e f fo r t ,  i t  is convenient to divide the  e l e c t r i c  power s y s t e m  
into specific problem a r e a s .  These  a r e a s  m a y  b e  enumera ted  as follows: 

1. Fue l  ce l l  t r a n s f e r  functions 

2 .  Reactant  C m t r o l  Sys tem t r a n s f e r  funct ions.  

3 .  RTG t r a n s f e r  functions 

4. Radiator  t r a n s f e r  functions 

5. T h e r m a l  Management  Subsys tem t r a n s f e r  functions 

6. Power  .Distribution System 

7 .  Sys tem Simulat ion 

4 . 3  Component Analys is  - Each a r e a  named above m a y  b e  f u r t h e r  
delineated into components  and in t e r io r  funct ions.  
m a y  be  cha rac t e r i zed  by t r a n s f e r  func t ions ,  desc r ib ing  functions o r  
s e t s  of equations as m a y  b e  appl icable .  Each  a r e a  prev ious ly  named in 
sec t ion  4 . 2  m a y  in t e r f ace  with another  and m a y  t r a n s m i t  o r  r ece ive  a 
function t r a n s f e r r e d  which m a y  be  gasdynamic ,  thermodynamic ,  fluia- 
dynamic ,  e l e c t r i c a l ,  o r  of o ther  f o r m  in  n a t u r e .  

Individual components  

4 
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S E C T I O N  5 . 0  

FUEL CELL T R A N S F E R  F U N C T I O N S  

c 

5.1 Genera l  - Charac ter iza t ion  of a hydrogen-oxygen fuel ce l l  
p roceeds  f r o m  the  relat ionships  between input and output functions.  
idealization is somewhat complicated by the p re sence  of s e v e r a l  input 
and outputs which a r e  functionally c r o s s - r e l a t e d .  
and outputs is presented  a s  follows: 

This  

A schemat ic  of inputs 

c 

5 . 2  Ene rgy  Conversion - When two molecules  of hydrogen and one 
molecule  of oxygen combine,  in a hydrogen-oxygen fue l  ce l l ,  an exact  
specif ic  amount  of energy is r e l eased .  t 4Hf t 4 -+2H20 
yields  a potential  of -1.229 volts under s tandard  conditions.  Totale 
specif ic  t h e r m a l  and e l ec t r i ca l  power leve l  fo r  a given flow r a t e  i s :  

The  reac t ion  0 2 

The ra t io  of hydrogen to  oxygen m a s s  flow r a t e s  is  one to eight. 
nation is cons idered  taking place without delay.  
r e l a t e s  r eac t an t  flow r a t e s  to total power and water  production: 

Combi-  
The  following schemat ic  

5 



F r o m  the above, the control  equations a r e :  

W, = 1.652 or 
. I  . 
ow = 0r 

where o r i s  the reac tan t  flow r a t e  in l b s .  per  hour ,  WT is  the  tofal  
genera ted  t h e r m a l  plus e lec t r ica l  power level  in  kilowatts,  and fl'W 
i s  the water flow r a t e  in lb s .  per hour .  

5 .3  ELECTRICAL POWER 

The  total  power,  t h e r m a l  plus e l ec t r i ca l ,  produced by the  fuel 
ce l l  module i s  d i rec t ly  re la ted  to reac tan t  flow r a t e  by a constant a s  
previously given in Section 5 . 2 .  
fore  the total  power produced l e s s  the power diss ipated internal ly  o r :  

The e l ec t r i ca l  power produced is t h e r e -  

- wD w = w T  e 

The  module efficiency i s  the ra t io  of e l ec t r i ca l  to total  power 
which it: 

wD 

wT 
Eff = 1 - - 

The module efficiency unfortunately i s  not constant with changing 
e lec t r ica l  loads .  
in the vicinity of light loads .  
to polarization l o s s e s .  
power genera ted  i s :  

A plot of voltage v e r s u s  c u r r e n t  exhibits a nonlinearity 
The  effects a r e  sa id  to be  at t r ibutable  

Rega rd le s s  of nonl inear i t ies  however the total  

W t  = N E i I  ( 3 )  

Where N i s  the number  of ce l l s  in  the module ,Ei  the  in t r ins ic  voltage 
given in  Section 5 . 2  and I i s  the c u r r e n t  flowing. 
power in the load is of c o u r s e  

The  e l ec t r i ca l  

W = N E ( I ) . I  (4) 
e 

where N E( I )  is the voltage a c r o s s  the load a t  a pa r t i cu la r  c u r r e n t  I. 

The efficiency the re fo re  is: 

o r :  

6 

eff. = We 

w t  

eff. = E (1) 

i 
E 

. 



Since the in t r ins ic  ce l l  voltage is  1. 229 volts at S T P ,  the effi-ciency of 
an  H - 0 2 2 ce l l  o r  module (independent of the number  of c e l l s )  is 

e f f  = .814 E(1) 

c 

keeping in  mind that E(1) is the voltage a c r o s s  the loadddue  to a single 
ce l l  in  an  a s sembly .  
In the region of n o r m a l  ce l l  operation a plot of E v e r s u s  I ’can  be  
approximated  by a s t ra ight  l i ne  with constant negative s lope.  
E ax i s  in te rcept  is cal led E 
pe r  ce l l  is given as: 

This  efficiency does not consider  pa ras i t i c  loads.  

If the 
and the  slope i s  Ro, then the  voltage 

0, 

The  efficiency in the n o r m a l  range of operat ion is: 

e f f .  = .814 (Eo - R, I) (.9 1 

c 

Relating e l ec t r i ca l  power to flow r a t e s  of reac tan ts  as given in Section 
5 . 2  gives:  

w e  = (1.652) Or ( - 8 1 4 )  (Eo -RoI) (10)  

o r  spec  i f  i c  ally: 

We, = 1 . 3 4  (Eo -Ro I )  KWe/  ( l b / h r )  

The  total  internal ly  dissapated power i s :  

W D  = (1-eff) W T J  (12) 

which in t e r m s  of flow r a t e s  of reactants  i s :  

WD = (  1 .652  - 1.34 ( E  0 - Ro I))@, ( K W )  (13) 

ir = K I N  where  K = i’.45X1Om4 / a m p e r e / c e l l  

7 



5 . 4  HEAT TRANSFER 

A s  indicated by the schemat ic  in 5.1 t h e r e  a r e  five heat  flows 
contained in the idealization. 
follows : 

T h e s e  hea t  flows a r e  enumera ted  as 

1. Q h Y  the heat  flow ra te  assoc ia ted  with inflowing hydrogen,  

2. 

3. 

4. 

5. 

Q o ,  the hea t  flow r a t e  assoc ia ted  with inflowing oxygen, 

Qic, the heat  flow r a t e  assoc ia ted  with inflowing coolant,  

QOC, the heat  flow ra t e  assoc ia ted  with outflowing coolant,  

Q,, the hea t  flow r a t e  assoc ia ted  with outflowing wa te r .  

In o r d e r  to main ta in  the operat ing t e m p e r a t u r e  of the ce l l  it is 
n e c e s s a r y  that the summat ion  of in te rqa l  s o u r c e s  of heat  r a t e s  and a l l  
external  heat flow r a t e s  vanish i. e .  Q. = 0. 

1 

The inflow and in te rna l  heat  r a t e s  a r e  additive and the outflow 
heat r a t e s  a r e  subt rac t ive .  The summat ion  i s  given by: 

W D  f Qh f Qo + Qic - Qoc - Qw = o 

Here  W is the in te rna l  e l ec t r i ca l  diss ipat ion.  D 

Heat gains o r  l o s s e s  by radiat ive t r a n s f e r  a r e  cons ide red  as 
negligible due to  super ior  device insulation. 

Each of the heat  flow r a t e s  given a r e  r e l a t ed  to the mass flow 
r a t e s  of either gas ,  wa te r ,  o r  coolant.  T h e  relat ionships  a r e  a s  follows: 

2. Qo = R o e O Q ) ,  

. 

. 

4. do, = cpc eoc oc 
8 



' .  

5. Q W = c  0 ci> pw w w 

The  subscr ip ted  Qs r e fe r  to  the t e m p e r a t u r e s  of the vaTious 
substances whose m a s s  flow rates a r e  given by the subscr ip ted  0 . 
The  subscr ip ted  R 
ular gas  o r  the specif ic  hea t  at constant p r e s s u r e  f o r  the par t icu lar  
liquid. If s t e a m ,  r a the r  than water ,  is  manufac tured  (depending upon 
ce l l  t e m p e r a t u r e )  then the  multiplying constant for  the water  r a t e  m u s t  be  
changed accordingly.  

S and Cs a r e  respect ively gas  constants  for  the p a r t i c -  
S 

T h e r e  a r e  two additional auxi:iary relat ionships  , namely  

The  flows of l iquid,  gas  and assoc ia ted  heat flow r a t e s  a r e  
modified by the p r e s e n c e  of r e s i s t ances  to flow and assoc ia ted  s torage  
capac i t ies .  
lend to p r e s s u r e  d i f fe rences ,  and for  heat  flows, t e m p e r a t u r e  d i f fe rences .  
The  following schemat ic  i l lus t ra tes  the mechan i sms  involved: 

I n  the c a s e  of liquids and gases  the flows through r e s i s t ance  

LUMPED CONSTANT THERMAL MODEL 

9 



ACTIVE PHASE DEFINING EQUATIONS (QsGQk t h )  (S1 is  open)  

1. 

2. 

3 .  

4. 

5. 

6 .  

7.  

Q i + Q T - Q o = O  

. 

10 
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9. Q~ = juGs Q~ 

10. Qw = (QS - Qw)/Rw 

Y 

t 

c 

c 

11. 

12. Qh (Qh - 8 s ) / R h  

W D = (Qel - Q s ) / R  e s  

13. 6, = (eo  - Q ~ ) / R ~  

F o r  the  r ange  (8  > QR - h)  switch S1 is c losed  and fo rced  

During the do rman t  phase  Q,, Wd,  Oh, !do are  z e r o  and sl is 

S’ 
g a s  convection is taking place between the ce l l  s tacks  and the exckanger .  

open under  a l l  condition of 8 . 
S 

The symbols  shown above a r e  defined as follows: 

8 = inlet  coolant t e m p e r a t u r e  

8 = outlet  coolant t e m p e r a t u r e  

8 = effective film t e m p e r a t u r e  

8 = heat  exchanger  t e m p e r a t u r e  

8 = s tack  t e m p e r a t u r e  

8 = water  t e m p e r a t u r e  

8 = oxygen inlet  t e m p e r a t u r e  

Qh = hydrogen inlet  t e m p e r a t u r e  

Qel = e lec t ro ly te  t e m p e r a t u r e  

R = coolant effective the rma l  r e s i s t a n c e  

Ref  = coolant effective film t h e r m a l  r e s i s t a n c e  

R = s tack  to exchanger  t h e r m a l  r e s i s t ance ,  sl open 

i c  

oc 

m 

e 

S 

W 

0 

c e  

s e  

2e = s tack  to exchanger t h e r m a l  r e s i s t a n c e ,  s2  closed.  

= water  generat ion the rma l  r e s i s t a n c e  R 

Rh = hydrogen inlet  t h e r m a l  r e s i s t a n c e  

Ro 

W 

= oxygen inlet  t he rma l  r e s i s t ance  

ii  



t;'e - heat c~xcliangcr heat capacity 

= fuel cell  stack heat capacity 6 s  
S1 = a switch to provide the effect of a temperature  controlled blower.  

The dissipative input wd may be provided f rom equation (13), 
Section 5 . 3 .  ? 'ne  reactant flows a r e  provided in Section 5 . 2 .  

5 . 5  ANALYSIS SUMMARY 

Each input quantity in the fuel cell  a r e a  has  been related to every 
output quantity which may consist  of liquids, gases ,  heat and electr ical  
power. 
and the constants of the device. 

All internal tempera tures  a r e  defined relative to flow quantities 

An examination of all applicable equations indicates the relationship: 
which exist between the load cu r ren t ,  which is the independent var iable ,  
and all other var iables ,  which a r e  dependent var iables ,  to be rigidly 
determined by device pa rame te r s  and physical considerations.  

Each fuel cell  manufacture utilizes a var ie ty  of mechanisms for  
the control and regulation of system variables  such a s  g a s  p re s su re ,  
stack temperature ,  and water separation and heat rejection. Analysis 
of regulation, from the standpoint of stabil i ty,  i s  dependent to such an  
extent upon hardware that no analysis of these mechanisms i s  provided 
at this t ime. It is however felt that simulation of these equations may 
point to the appropriateness of the regulation of selected var iables .  

A reference drawing of a 2 . 2 .  KW fuel cell  assembly showing 
connections is appended in F i  gure  1. 

CONM GCP \OMS 

CONUGCT \OUS 
FIGURE 1. FUEL CELL ASSEMBLY 

12 

L 



c 

SECTION 6 .0  

REACTANT CONTROL SYSTEM (RECS]TRANSFER FUNCTIONS 

6.1 GENERAL 

The Reactant Control System under investigation in  this  section has  
.been previously presented in the referenced l i t e ra ture  (See Ref 2). The 
subject mechanization is shown in  Figure 2 .  This system performs the 
functions of (1) storing the cryogenic reac tan ts ,  namely liquid hydrogen 
and oxygen, (2)  generation of gaseous hydrogen and oxygen f rom the 
liquids on a demand bas is ,  (3)limiting tank p r e s s u r e s  during s torage by 
boil-off venting, ( 4 )  regulating tank p r e s s u r e s ,  and ( 5 )  regulating l ine 
p r e s s u r e s .  

6 .2  SYSTEM CHARACTERIZATION - 
Characterization of the Reactant Control System proceeds directly 

f rom relationships existing between output, input and intermediate 
functions. 
Sections Reactant Control System" and "Oxygen Sections Reactant 
Control System' '  respectively. Table 1 entitled "Reactant Control 
System Parameters" defines the nature of the parameters  found in 
these  f igures .  

Atteation is called to Figures  3 and 4 entitled "Hydrogen 

13 
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TABLE 1 

REACTANT CONTROL SYSTEM PARAMETERS 

K1 

G1 

K2 

G2 

K3 

G3 

K4 

PIRl 

Kg 

G5 

K6 

the number of lbs per hour of hydrogen produced at a given level 

of heater dissipation fL.d$r). 

where T1 is the time constant related to the thermal 1 

1 i- T1S 
resistance and heat capacity of the tank heater system. 

unity 

1 where T2 is the time constant related to tankage gas- 
1 i- T2Sy 
dynamic capacity and resistance to flow 

U n i t y  

1 where T3 is the time constant related to line gas dynamic 
1 i- T3S 
capacity and resistance t o  flow. 

The number of lbs/sq-in pressure per lb of hydrogen gas stored 

i n  the piping at the operating line temperature. 

the pressure reference of the pressure transducer in hydrogen line 

section No. 1 ( lbs/sq-in) 

the number of lbs per hour of hydrogen which is caused to flow due 

to a particular pressure difference lbs/hr  - , 
[b/ s q - i l  

, where T5 is the time constant of the pressure operated line 
1 i- T5S 
regulator valve. 

the number of lbs/sq-in pressure per lb of gaseous hydrogen stored in the 

tankage at the operating gas temperature. 

17 



K7 = 

G7 = 

W l l  = 

K9 = 

G9 = 

Wh2 = 

1 8  

the pressure reference of the pressure transducer in hydrogen tank 

section No. 1 (lbs/in2) 

the kilowatt level of heating caused to occur due to a particular 

pressure difference 

1 
1 t T7S 

, where T7 is the time constant of the pressure operated heater 

switch. 

the incoming heat leakage rate thr ough the hydrogen tankage 

section #1 walls due to exterior sources (KW) 

the tank #1 heater power level at nominal supply voltage (KW) 

the hydrogen tank #1 storage capacity (lbs of H2) 

the hydrogen tank #1 remaining hydrogen (lbs of H2) 

the attenuation constant for heat rate of leakage into tank section #2 

due to the heat rate in section #1 a 
, where T is the time constant due to the lag in transport 1 

1 t TgS 8 

of  heat from tank section #1 to tank section #2. 

the attenuation constant for heat rate of leakage into tank section #1 

due to the heat rate in section #2 (KW/XW) 

, where T is  the time constant due to the lag in the transport 1 
1 t T9S 9 
of heat from tank section # Z  to tank section #l .  

the tank #2  heater power level at nominal supply voltage (kilowatts) 

, 



W12 = the incoming heat leakage rate through the hydrogen tankage section #2 

walls due to exterior sources (KW) 

the hydrogen rate of mass flow from section #1 ( lbs/hr)  bhl = 

The remaining symbols, related to  Section2, a r e  defined exactly a s  their 
counterparts in Section 1 with the exception that the words "Section 2" 
a r e  substituted for "Section 1" and vice versa.  

The symbols relating to the oxygen sections a r e  defined exactly 
as their functional equivalents in the hydrogen sections a s  previously 
given. 

6 . 3  ANALYSIS SUMMARY 

4 

An analytical mechanization has been generated which, when 
supplied with operational constants in the range of applicable hardware, 
is  capable of RECS simulation. 

Effects of ambients temperatures on cryogenics containers is 
not a subject of this mechanization but rather inputs of heat from such 
sources. 
further considered a s  inputs and corresponding effects on the system 
may be examined. 
applied in the control equation referenced in Section 5 . 2  to generate 
total power produced. 
sections may be  combined a s  given in Section 5.4 to generate 
associated heat flow rates  as inputs to individual fuel cells. 

Cross  flowsof heat from one tank section to another a r e  

The total reactant flows may be summed and 

Reactant f low rates from individual tank 

L 
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SECTION 7 . 0  

RTG HEAT TRANSFER FUNCTIONS 

7.1 GENERAL 
1 

The Radioisotope Thermoelectr ic  generators  (RTG) herein 
analyzed have been previously descr ibed in associated referenced 
l i t e ra ture  ( see  r e f .2 ) .  A drawing of the proposed i tem has been 
reproduced in  F igure  5 for easy re ference .  
a r e  contained in the system under analysis and provide the four 
following functions on a redundant basis :  

Four ( 4 )  of these  i tems  

1. Provides  a source  of continuous heat to be utilized for 
component tempera ture  conditioning during the dormant phase. 

2 .  Provides a source of e lectr ic  power for coolant pumping and 
distribution during the dormant and active phases .  

3 .  Prov ides  a pr imary  source  of power for system activation 
and te lemetry t ransmiss ion  and reception during the dormant 
phase'and a secondary source of power during the active 
phase.  

4. Provides  a source of heat for cabin conditioning and electr ic  
power for cabin coolant pumping during the active phase.  

7 . 2  SYSTEM CHARACTERIZATION 

The device under consideration is a SNAP-19 modified by the 
The unmodified SNAP-19 addition of coolant passages a t  the fin root.  

a r r i v e s  a t  thermal  equilibrium with its space environment by simple 
radiative heat t ransfer .  
allows heat to  be extracted by forced convection. 
deprived of heat,  do not radiate  the total quantity of heat produced by 
the nuclear source.  
established coolant flow ra t e s ,  ambient tempera tures  and heat production 
r a t e s .  
assumed constant over  the ent i re  period of examination by utilization 
of P U - 2 3 8  a s  a source  mater ia l .  

Addition of cooling coils and coolant pumping 
The f ins ,  thus 

A balance is  therefore  a r r ived  a t  dependent upon 

For  the purposes of analysis the production of heat  can be 

Since both the electr ical  and thermal  output of these  units remain 
constant during the ent i re  period of operation, the a r e a  for  investigation 
i s  in  the variabilities of heat t r a n s f e r  induced by ambient tempera ture  
fluctuations and thermal  demands. 

The RTG units, as integrated into the system, in te r face  
with the thermal management subsystem ( s e e  Section 8 . 0 )  and the 

I 



FIGURE 5. SNAP-19 THIRTY WATT GENERATOR 
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lunar environment .  
approximate ly  five p e r  cent  of the total  heat  genera ted ,  is cons ide red  
to be  negligible for  analyt ical  pu rposes .  

The  amount  of hea t  conver ted  to  e l ec t r i ca l  energy ,  

In o r d e r  to m o r e  readi ly  c h a r a c t e r i z e  the RTG as a s y s t e m  
e lement  i t  is convenient to p o r t r a y  the operat ion by a n  e l ec t r i ca l  
analogue. This’can be  eas i ly  shown as a lumped constant  mode l .  

LUMPED CONSTANT THERMAL MODEL 

T h e  symbols  given in  the above schemat ic  are defined as follows: 

Qe = heat  r a t e  into the exchanger  heat  capaci ty ,  

Qi 

Qo 

W 

QR 

Q, 

8f = fin t e m p e r a t u r e ,  

Qie 

8 o e  

= heat  r a t e  assoc ia ted  with the  inlet  coolant flow, 

= heat  r a t e  assoc ia ted  with the  outlet  coolant flow, 

= heat  r a t e  gene ra t ed  by the decay  of the nuc lea r  s o u r c e ,  

= heat r a t e  to fin r a d i a t o r s  

= heat  r a t e  a c r o s s  the film r e s i s t a n c e  

* g  

= exchanger  inlet  coolant t e m p e r a t u r e ,  

= exchanger out le r  coolant t e m p e r a t u r e ,  

22 



0 = exchanger  t e m p e r a t u r e ,  

0 

0 = effective film t e m p e r a t u r e  

R c e  

R s e  

Rf = fin t h e r m a l  r e s i s t ance  

e 

= t h e r m o e l e c t r i c  junction cold shoe t e m p e r a t u r e ,  
S 

IIl 

= coolant effective t h e r m a l  r e s i s t ance  

= shoe to exchanger  t h e r m a l  r e s i s t ance  

= coolant effective film shunt t he rma l  r e s i s t ance  

= exchanger  hea t  capacity e 

F r o m  an  examinat ion of the lumped constant t h e r m a l  mode l ,  
and the definitions of model  p a r a m e t e r s ,  i t  is s e e n  that an  ana lys i s  
m a y  b e  pe r fo rmed  relat ing a l l  observables .  The  defining equations 
a r e  given as follows: 

1. Q i t W  - Q R - Q  e - Q o = O  

2. W - Qe - QR - QT = 0 

3 .  

4. W = ( O s  - Q e ) / R  

5 .  Q. = 2(Qie - Q m ) / R c e  

6 .  Qo = 2(Qoe - Qm)/Rce 

.g . 
g 

Q, - - (ee - Qm)/Ref 

s e  g 

1 

7.  Q e = j w g e Q e  

4 8. 

9 .  

Q, t AXH - AEVQf = 0 

QR = (Qf  - Q e ) / R f  

In the equations above the s y m b o l s e  a n d d a r e  the values  of 
emiss iv i ty  and absorbt ivi ty  of the radiator  effective a r e a  ( A ) , r i s  the 
Stephan-Boltzman constant ,  and H i s  t he  radiant  heat  flux r a t e .  

c 

A log-log plot of equation eight ( 8 )  showing total  rad ia ted  power 
per  unit rad ia tor  a r e a  v e r s u s  fin t e m p e r a t u r e  h a s  been enc losed  in 
F i g u r e  6. 
input p r o g r a m  data  and in estimating rad ia tor  a r e a  r e q u i r e m e n t s  for  
var ious  inputs and outputs.  

The  information shown may prove useful in  scal ing possible  
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7 . 3  ANALYSIS SUMMARY 

The four (4) major  functions of the RTG units have been enumerated. 
A physical description of the device and its interface have been provided, 
A simple mathematical model relating all observable quantities has 
been generated which i s  adequate to perform simulation of the device as 
may b e  required. 

25 



8 .  

SECTION 8 . 0  

RADIATOR TRANSFER FUNCTIONS 

GENERAL 

The system element, herein r e f e r r e d  to as  radiator ,  has  been 
shown in previous l i t e ra ture  ( s e e  Ref. 2 ) and interfaces  with the 
Thermal  Management System ( see  Section 9 . 0 )  as well a s  the Lunar 
thermal  environment. This element per forms the single function of 
rejection of fuel cell  generated heat by means of radiation. 

8 . 2  SYSTEM CHARACTERIZATION 

The analysis of the radiator  thermodynamics is very  similar to the 
analysis developed in Section 7 . 0  covering the RTG. 
notable exceptions a r e  in the absence of a nuclear heat source and 
the presence of a double exchanger with conductive mixing. The 
double exchanger has  been innovated to isolate  the seperate  flows of 
exchange liquid from fuel ce l l s ,  to add redundancy and therefore  inc rease  
reliability. 
against total failure due to development of a single leak.  
constant thermal  model follows direct ly  f rom physical considerations. 

The only 

The injection of a double exchanger immunizes the sys tem 
The lumped 

LUMPED CONSTANT THERMAL MODEL 

W 
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The symbols given in the above schematic a r e  defined in t e r m s  of 
their  physical counterparts,  where the subscr.ipts refer  to section 
number one (1) o r  two ( 2 )  as may be appropriate.  
follow: 

Definition of parameters  

Q. = heat r a t e  into the radiator via coolant inlet flow, 
1 

Q 

Q 

= heat ra te  out of the radiator via coolant outlet flow, 

= heat r a t e  a c r o s s  the coolant film, 

0 

T 
A J(H = r a t e  into the radiator by radiant absorption from exterior 

sources ,  

= heat ra te  out of the radiator due to radiant emission, 

= heat r a t e  into the radiator heat capacity, 

A6cT 8 
e 

Qe 

Qi = inlet coolant temperature,  

eo = outlet coolant temperature ,  

8 = effective film temperature,  m 

8 = exchanger temperature,  

Rce = coolant effective thermal 

Ge = exchanger heat capacity. 

e 
res is tance,  

F r o m  the above schematic and given definitions it is seen that a set  
of equations may be generated which links all observables.  
equations a r e  given as follows: 

The definilg 

1. 

2. 

Qil - Qbl - QT1 = 0 

Qi2 - Qo2 - QT2 = 0 
4 .  

3 .  Q~~ t A*H - Q~ - A ~ O -  ee t Q~~ = o 

4. Q = 2(Qil  - 8 ) / R  
il ml c e  
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8 . 3  ANALYSIS SUMMARY 

A double exchanger radiator operating in  an environment of exterior 
sources  of radiant heat has been described. 
defined in t e r m s  of all observables  by a se t  of ten (10) equations. 

A simple model has  been 
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SECTION 9.0 

THERMAL MANAGEMENT SYSTEM TRANSFER FUNCTIONS 

- 9.1 GENE.3AL -- 
The subsystem herein referred to as the Thermal  Management 

System (THEMS) h a s  been previously described in associated l i t e ra ture  
( s e e  Ref.2). 
easy reference.  

A schematic of THEMS is reproduced in Figure 7 for 
This system performs the following functions. 

1. Maintains the temperature of fuel cel ls ,  radiator ,  electronics 
temperature control plate, coolant and piping above specific 
preset  temperatures  during the s ix  month dormant period. 

2 .  Provides a means for rejecting fuel cell  generated heat during 
the active period. 

3 .  Provides a means for cabin heating during the active and dormant 
periods. 

9 . 2  SYSTEM CHARACTERIZATION 

The a r e a  of immediate interest  for analysis involves the flow of 
heat through THEMS system elements and related temperatures  ensuing 
therefrom. 
and entering the fuel cell  assemblies.  
been analytically described under Section 5 . 0 .  
faces with the lunar thermal  environments a s  well as cabin thermodynamics, 
RTG coolant loops (described in Section 7.0) ,  and radiator (described in 
Section 8 . 0 ) .  

THEMS interfaces thermodynamically with heat flows leaving 
These heat flows have previously 

THEMS further in te r -  

Attention is directed to figure seven ( 7 )  entitled "THEMS Simulation 
- Dormant Phase".  The paths of fluid flow a r e  descriptive of conditions 
prevalent during the dormant mode of operation. Each system element, 
previously described in Sections 5, 7 ,  and 8 ,  interfaces upon another in 
the manner as shown. Equality of output function and interface input 
function may readily be observed. A s e r i e s  of identical temperature  
operated valves is  associated with fuel cells  and radiator .  Devices 
within the cabin bulkhead a r e  not described although a double exchanger 
temperature  plate may be envisioned as  indicated in Figure s ix  (6 ) .  
temperature  operated valve may possess a temperature  reference,  
sensor,., ,comparator, gain and hysteresis  a s  indicated. In the case  of 
an FCA'Phe stack temperature  is the measured  quantity, whereas the 
radiator exchanger temperature  i s  regulated. 
(1) and three  ( 3 )  in Section 9.1 a r e  provided during this operational 
mode. 

Each 

Functions numbered one 

+ Fuel  Cell Assembly 
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Figure eight (8) entitled "THEMS Simulation - Active 
Mode''. This schematic i s  illustrative of fluid flow conditions, which 
imply forced convective heat t ransfer ,  that prevai l  during act ive 
power production. 
the cabin bulkhead and thereby satisfy function three  (3)(ref.  Section 
9. 1 )  during activation. 
added to  imply active participation during this mode. The nature of the 
PDS interface with sources  and loads i s  fully described in  Section 10. 0. 

Note that flow loops through RTG units c lose on 

Subsystem blocks representing RECS and PDS a r e  

9. 3 ANALYSIS SUMMARY 

The three ( 3 )  major  functions of THEMS have been defined. 
A sys tem characterization has been involved which relates  THEMS sub- 
sys tem blocks during the active and dorman modes. 
put quantities interfacing on input quantities has  been described. 

The equality of out- 

c 
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SEC I'IOS IO. 0 

P O W E R  DISTRIBL I ' lOS S Y S . T F , l I  ( P D S )  

10 .1  G E N E R A L  

The  power  d i s t r i b u t i o n  s y s t e m  h e r e i n  a n a l y z e d  has  c ~ ~ c . ~ i  
r ( : f c r enccd  l i t e r a t u r e  ( s ( % e  r e f .  L j prev ious ly  d e s c r i b e d  i n  thc 

A s c h e m a t i c  is  r e p r o d u c e d  ;i.nd acldt:nc!(,d in F i b u r c  1'1. 

I h e  func t ions  p e r f o r n i e d  b y  t h i s  s y s t c m  a r c  cnum(.r;1tc,d ,Jh 
fo l lows:  

1. C o n t r o l  t h e  f low of ponc- r  be tween :  

( a )  e a c h  power  sou rcc '  and  e a c h  p r i m a r y  b u s s ,  

( b )  e a c h  p r i m a r y  buss a n d  edch  s e c o n d a r y  b u s s :  

( c )  e a c h  p r i m a r y  b u s s  

2 .  E s t a b l i s h  a d iv i s ion  o i  l o a d s  h e t \ \ e e n  

( a )  e a c h  fue l  c e l l  and  e a c h  p r i t i i a ry  b u s s ,  

(b) e a c h  RTG a n d  e a c h  p r i m a r y  buss .  

3 .  E s t a b l i s h  a p r o t e c t i o n  s y s t e m  t o  p r o t e c t  f r o m  o v e r c u r r e n t :  

( a )  e a c h  fuel  c e l l  a s s e n i b l y ,  

( b )  e a c h  R T G ,  

( c )  e a c h  s e c o n d a r y  b u s s  anq  a s s o c i a t e d  e q u i p m e n t  

10. Z SYSTEM CHARACTERI7AT10N --- 
10. 2 . 1  Log ica l  D e s c r i p t i o n  

In o r d e r  to  f a c i l i t a t e  f u r t h e r  l o g i c a l  c o n t r o l  0 :  t h e  pou 'e i  
d i s t r i b u t i o n  s y s t e m  t h e  e n t i r c  n e t \ \ o r k  n i a y  b e  i i r s t  describcdd as  a s e t  o i  
l o g i c a l  equa t ions .  
of g iven  c u r r e n t s  and  s n i t c h  c l o s u r e s :  

Adopt  t h e  iollo\\ i n g  s y n i b o l s  t o  i n d i c a t e  the  p r e s e n c e  

1. A ,  B ,  C ,  D ,  c o r r e s p o n d  to c u r r e n t s  f r o m  FCA 
n u m b e r s  o n e  t h r o u g h  f o u r ,  

2 .  E , F , G , H  corrcLspond t o  c u r r e n t s  f r o m  R T G  n u m b e r s  
one  t h r o u g h  f o u r ,  
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3. M ,  N ,  0 correspond to cu r ren t s  in the essent ia l ,  
locomotive and te lemetry busses  respectively, 

4. R ,  S ,  T ,  U ,  V ,  W correspond to cu r ren t s  i n  the 
Corn.,  Loco. ,  T e l e . ,  Nav.,  C & C ,  and ECS 
secondary busses  respectively. 

5. P through P designate c losures  of the twelve switches 
asBociated wih? the FCA units reading f rom top 
bottom in the referenced schematic 

6. P through P15 designate c losures  of the  th ree  
swi3ches associated with the four RTG units 
reading top to bottom in the referenced schematic 

associated with2ihe six subsystem busses  reading 
f rom top to bottom in the referenced schematic.  

7. P16 through P designate c losures  of the s ix  switches 

Combinative notation is that a dot ( e  ) indicates an 
function and a plus ( t )  indicates an "or" function. 

The presence of essent ia l ,  locomotion, and te lemetry 
buss  cu r ren t s  a r e  compounded consecutively as follows: 

M = A  4 P1 t B * P 2  t C * P3 t D * P 4  t (E t F t G t H ) * P 1 3  

N 1 A. P5 t B . P 6  t C . P 7  t D * P 8  t (E tF tC tH) .P14  

0 = A - P  t B*PIO t Capl1 t D.P12 t ( E t F t C t H ) * P 1 5  
g 

F r o m  the above combination and the ,pr  evious defintion 
the presence of subsystem buss  cu r ren t s ,  as previously named, 
a r e  compounded as  follows: 

R ={A.P1tB-P2tC.P3 t D * P 4  t (EtFtCtH).P13f .P16 

S = { A - P 5  t B . P 6  t C - P 7  t D * P 8  t (EtFtGtH) .P l4> .P17 

T =(A*P t B.PIO t Capl1 f D.Pl2t(E+FtGtH).P1&Plg 

V = I A * P l  t B * P 2 t C * P 3 t D * P 4  t (E+FtGtH)*P13  ). p19 

V ={Asp1 t B * P 2  t C * P 3  t D * P 4  t (EtFtGtH)*P13'}*P20 

9' 

W ={A.P1 t B * P 2  t Cap3  t D * P 4  t (EtFtGtH)-P13-j-P21 
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A s  can b e  seen f r o m  examination of the above s t a t e m n t s  there  a r e  2 
d i scre te  states of connection due to the twenty-one breakers .  
subsystem buss ,  however, has  only Z 6  connective s ta tes .  

Each 

The source and subsystem breakers  on the referenced 
schematic may be chosen to be relays which may be activated under a 
variety of c i rcumstances.  Criteria for activation may be developed 
which logically depend upon power system function and malfunction, 
as well as  system normal  and abnormal loads. 
activated by manual override panel controls, in which case  the 
operator must  be supplied with a set of switching c r i t e r i a  which a r e  
the same a s  were supplied when formulating the control logic. 

These relays may b e  

If the c r i te r ia  for activation or  inactivation of a particular 
re lay o r  set  of relays a r e  selected to depend only upon source voltages 
and currents  and load demands, under normal and abnormal conditions, 
the control loop may be non-complex in design. 
would interface only with the FCA and RTG outputs and the load 
inputs. 
"type I" logic Control System. 

The control loop 

This type of logical control may be designated as  a 

If, however, the c r i te r ia  f o r  relay activation a r e  power 
system and load operationally oriented under normal and abnormal con- 
ditions and optimization processes  a r e  assumed, then the control loop 
may interface with many of the t ransducers  which m e a s u r e  v ar ious 
quantities within the power system as well as  the quantities measured  in 
the"Type 1"syster-n. The c r i te r ia  could be developed to, for example, 
connect the "right" FCA to the "right" load depending upon FCA p e r -  
formance and load level, change cryogenic tanks a t  run-out, increase  
purg e-rate under module voltage drop-off, balance loads to minimize 
total reactant consumption, take reparative, action under component 
malfunction, e tc .  
as a "Type 11" logical control system. 

This type of logical control system may be designated 

1 0 . 2 . 2  Type I Versus Type I1 Logical Control 

In the case  of very high system reliability, where few, i f  
any, malfunctions occur ,  the Type I- system plus human operator is ,for 
pract ical  purposes,equivalent to the Type I1 system. 

The t ime requirement on the human operator  i s  minimum, 
The Type I logical control system reliability i s  high. 
supplied with an index of instructions equivalent to additional Type I1 
logic which may be utilized under each possible failure mode. 
mode may be indicated a s  audio o r  visual signals and operator action 
taken according to instruction index. 

The operator is 

Fai lure  

c 
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In the c a s e  of a power sys tem of l e s s e r  reliabil i ty,  a Type 
I1 system plus human operator  might be utilized. 
contain more  than an o rde r  of magnitude l a rge r  number of components 
than the Type I system. 
Its  reliability may be therefore  l e s s  then theType I sys tem.  
shooting a l a rms  due to f a l se  "no-go" signals may negate the operator  
time-savi% gained by increased decision making logical complexity. 

A Type I1 sys tem may 

The number of in-line compomnts is l a r g e r ,  
Trouble 

In summation i t  appears  that a trade-off exists in control 
system selection which is  dependent upon power system reliabil i ty,  as 
an independent quantity, versus  operator  t ime and control system r e -  
liability. 
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10.3 POWER DISTRIBUTION SYSTEM TRANSFER FUNCTION 

In reference to Section 10.2.1 a la rge  number of possible t ransfer  
function combinations may exist. 
the "worst1' case  regarding regulation and transient responses  is of 
greatest  interest .  

For the purposes of simulation, however, 

Several  assumptions can be  made to simplify the formulation 
without detracting f rom resul ts .  These assumptions are: 

1. Due to low system voltages and high cur ren ts  capacitive 
energy s torage elements a r e  negligible. 

2 .  Inductive storage in shunts is negligible. 

3 .  Diode junctioa a r e  sufficiently into the forward conduction region 
to present  constant res is tances  . 

The worst  case  for regulation is a single fuel cel l  a s  source, a 
single pr imary  buss ,  a single source buss and a single subsystem buss .  
The schematic is presented a s  follows: 

The t ransfer  function for the above network i s :  
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b . 

Where: R- 

The symbol s  p re sen ted  in the  schemat i c  above have the  following 
meaning : 

= module voltage a t  light load,  

= the  load vol tage,  

= module in t e rna l  r e s i s t a n c e ,  

= the  r e s i s t a n c e  of a l a r g e  a r e a  junction diode, 

= the  r e s i s t a n c e  of a s o u r c e  b u s s ,  

= the  inductance of a s o u r c e  b u s s ,  

= the  r e s i s t a n c e  of a s o u r c e  shunt ,  

= the r e s i s t a n c e  of a p r i m a r y  b u s s ,  

= the  inductance of a p r i m a r y  b u s s ,  

= the  r e s i s t a n c e  of a secondary  subsys t em b u s s ,  

= the  inductance of a secondary  subsys t em b u s s ,  

EM 

EL 

RO 

C 
R 

RSB 

LSB 

RSS 

R P B  

LPB 

RSSB 

LSSB 

= the r e s i s t a n c e  of a secondary  subsys t em shunt ,  RSSS 

= the r e s i s t a n c e  of the load  

= the inductance of the  load .  

= network gain a t  s teady  s t a t e  

RA 

L2 
K 
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10.4 ANALYSIS SUMMARY 

Charac ter iza t ion  of a logical control  s y s t e m  for the powei d i s -  
t r ibut ion s y s t e m  h a s  r e so lved  to a choice of a Type I o r  Type  I1 
s y s t e m .  
o r  the other  as re l a t ed  to  opera tor  t i m e  and ove ra l l  re l iabi l i ty .  

A re l iabi l i ty  ana lys i s  may indicate the supe r io r i ty  of one type 

The  PDS h a s  been  reso lved  into a "Worst ca sk ' ana lys i s  in a 
par t icu lar  switching condition. 
yields  a tangent plot yh ich  s t a r t s  with gain K at v e r y  low f requencies ,  
h a s  a b r e a k  a t  io 

A Bode plot of the t r a n s f e r  function 

decreas ing  20 db per  decade  out to another - 
1 - -E- 

l whereupon flat and continues at 20 db below the value 

Y 
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SECTION 11.0 

SYSTEM SIMULATION 

11.1 GENERAL -- 
Each subsys tem block of the chemica l  e l e c t r i c  power s y s t e m  

h a s  been d iscussed  in previous sect ions and h a s  been d e s c r i b e d  in t e r m s  
of observable  quant i t ies .  
r e f e r e n c e  sect ion h a s  been p r e p a r e d  and is exhibited in Table  2 .  

A l i s t  of these  quantit ies and applicable 

TABLE 2 

ELECTRIC POWER SYSTEM SIMULATION -- VARIABLES 

IT E M  APPLICABLE SECTIONS 

A .  Fuel  Cell  Modules ( E a c h  Module) 

1. Cell s tack  t e m p e r a t u r e  
2 .  Module c u r r e n t  
3 .  Module voltage 
4. Hydrogen consumption r a t e  
5. Oxygen consumption r a t e  
6 .  Reactant Consumption r a t e  
7 .  Coolant inlet  t e m p e r a t u r e  
8.  Coolant ex't t e m p e r a t u r e  
9 .  Coolant flow r a t e  

10. Hydrogen inlet  t a m p e r a t u r e  
11. Oxygen inlet  t e m p e r a t u r e  
12. Electrolyte  t e m p e r a t u r e  
13. Water generat ion r a t e  
14. Water t e m p e r a t u r e  

B. Cryogenic and Reactant  Control System 

1. Heater power 
2. Reactant flow r a t e  
3 .  Regulation inlet  p r e s s u r e  
4.  Regulator outlet  p r e s s u r e  
5. Hydrogen r emainant 
6, Oxygen r emainant 

C.  Radiator 

1. Inlet T e m p e r a t u r e  
2 .  Outlet Ternpera tur  e 
3 . .  Flow r a t e  
4 .  Radiator t e m p e r a t u r e  
5. Heat absorpt ion 
6. Total radiated power 
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5.0 

5.4 
5 . 3 ,  1 0 . 3  
5. 3 , l O .  3 
5.4, 6.0 
5.4, 6.0 
5.2, 6.2 
5 . 4  
5.4 
5.4 
5.4 
5.4 
5.4 
5.2 
5 . 4  

6.0 

6.2, Table I 
6 . 2 ,  Table  I 
6 . 2 ,  Table  I 
6.2, Table I 
6.2, Table I 
6.2, Table  I 

8 . 0  

8 . 2  
8 . 2  
8 . 2  
8 . 2  
8 . 2  
8 .  L 



TABLE 2 (cont'd) 

ELECTRIC POWER SYSTEM SIMULATION VARIABLES 

ITEM APPLICABLE SECTIONS 

TABLE 2 (cont'd) 

ELECTRIC POWER SYSTEM SIMULATION VARIABLES 

ITEM APPLICABLE SECTIONS 

D. Thermal  Management Sybsystem 

1. Main loop pump driving function 
2 .  RTG loop pump driving function 
3. Thermostatic valve operation 
4. Bulkhead inlet and outlet conditions 
5. RTG inlet, outlet and fin temperature 

E .  Power Distribution System 

1. Source breaker  positions 
2 .  Subsystem breaker  positions 
3. Buss cur ren ts  
4. Buss voltages 
5 .  Load voltages 

9 .0  

F i g .  8 ,  9 . 2  
F i g .  7, 9 . 2  
9 .2  
F i g .  7, F i g  8 
7.2,  9 . 2  

10.0 

10 .2 .1  
10.2.1 
10.2, 5 .3  
10.3 
10.3 

In addition to the observable quantities l isted in Table I which 
character ize  system operation there a r e  a l a r g e  number of parameters  
which a r e  further utilized to characterize the simple models presented. 
These parameters  may be deduced by securing values of observables 
within the range of applicable operation. In not all cases  a r e  the 
parameters  involved constant even within range of operation. 
c a s e  of res is tance parameters  utilized in forced convective flow, their  
values for example depend upon flow rate .  If ,  therefore,  the pumping 
r a t e  is varied,  then so m u s t  all such resis tances  in the system. 

In the 

All parameters  depend either strongly o r  weakly upon hardware 
design to such an extent that information regarding observables and 
operating conditions is  mandatory prior to programming. 
course,  necessary to scale  all parameters  pr ior  to simulation. 
the vary  la rge  number of parameters  involved and overall  complexity, 
it would be desirable  to establish ranges of operation as well as ranges of 
para.meter fluctuation pr ior  to a simulation. 
be performed with a s e r i e s  of programs on a high-speed digital machine. 
F r o m  the resul ts  of hardware o r  device studies,  and accumulation of 
applicable parametr ic  data, and the resul ts  of digital program studies, 
it should then be possible to program meaningful simulation studies 
on an  analogue machine. 

It is, of 
Due to 

This function. can best 

. 
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11.2 CONCLUSIONS 

Several  conclusion occur  as a resu l t  of the foregoing studies 
and a r e  presented as follows: 

1.  Total  sys tem simulation of a complex lunar operational 
chemical  e lec t r ic  power system can be  achieved utilizing 
s imple mathematical models of subsystem components. 

2. Subsystem component simulation is dependent upon spe - 
cific information relative to device pa rame te r s  and 
observables applicable in typical ranges of interest .  

Analogue simulation is dependent upon scaling and p e r -  
turbation of device pa rame te r s  and observables  secured 
f r o m  digital programming. 

3 .  
. 

11 .3  RECOMMENDATIONS 

Several  recommendation may be presented and a r e  enumerated 
as follows: 

1. P r i o r  to total system simulation a list of values of ob- 
se rvables ,  specifically a s  shown in Table  11, be accumu- 
lated relative to subsystem components preferably f rom 
lab0 ra tory  demonstrable sources .  

2. Digital p rograms be  devised to per form perturbations 
on models determined by pa rame te r s  secured  under 
recommendation number 1 and to yield long t e r m  t ime-  
var iant  information. 

3 .  Analogue programs be devised f rom information gather - 
ed under recommendation number 2 and to  yield shor t  
t e r m  t ime -variant information. 
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A P P E N D I X  A 

A s e t  of l i s t s  of r anges  and i n c r e m e n t s  of var ious  constants  
L i s t s  and va r i ab le s  r e l a t ed  to  applicable a r e a s  a r e  h e r e i n  enclosed,  

a r e  conveniently delineated by component o r  subsys tem.  Each  l i s t  
suppl ies  the symbol  re la ted  to  the analysis  appear ing  i n  a prev ious  
sect ion of th i s  r e p o r t  as  indicated.  
r ange  and i n c r e m e n t  a r e  supplied f o r  each  i t e m  symbol  given. 
given do not r e p r e s e n t  l imi t  tolerances but a r e  r anges  of typical  ca ses .  

The units of m e a s u r e ,  c h a r a c t e r ,  
Values  

C 
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FUEL CELLS 
(Values P e r  Module), (Section 5. 0 )  

1 - -  

VALUE/RANGE INCREMENT U N I T 3  CHARACTER 

W S  1. 652 - -  kw / 1 b / h r Constant 

0 - 3 . 3  - -  kw Va r ia  ble 

$W 0 - 2 . 2  - -  l b / h r  V a  r ia  ble 

WT 

i, 
ye 
Wd 

Eff 

0 - 2 . 2  

0 - 2 . 2  

0 - 1 . 4  

. 50 - . 80 

l b l  h r  Variable 

Variable 

Va  r ia  ble 

Variable 

kw 

kw 

Dimen- 
sionle s s 

RO . 0 0 2  - . 003 . 001 Volts 1 
a m p  

Constant 

I 

EO 

K 

5 - 85 

. 93 - . 96 

7.45 10-4 

5 

. O l  

- -  

Amps Variable 

Constant 

Constant 

Volts 

l b / h r  
Amp/ cel l  

N 32 - 35 1 No. of 
cells 

Constant 

P 

Qic 50 - 500 

0 - 150 

W a t t s  Variable 

Variable Qw Watts 

I 

Q*c 0 - 1 . 4  

0 - 1050 

- -  W a t t s  Variable 

- -  Watts Variable 
r 
Qse 
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t 

1 

INCRE- 
ITEM VALUEIRANGE MENT UNITS CHARACTER 

QhI6l.l 

b o l i o  

Rc e 

Ref 

RW 

Re s 

Rh 

RO 

Rs e 

Rs  e 

* 
Rs e 

Ce 

cs 

Q i  c 

Qoc 

QW 

Qel 

Oh 

- 

Q O  

Qm 

Qe 

8.9 

( - )  0. 66 

( - )  0. 029 

. 03 - . 0 9  

. 0 6  - . I 2  

.13  

. 014 

3 . 0  

6. 8 

. 4 0  

.021  

. 0 2  

1, 000-5, 000 

2,000-10,000 

200 - 500 

320 - '600 

480 

52 0 

20 

90 
200 - 400 

480 

500 

!:=jr/lb/ h r  

kw/lb/hr  

OK/ watt 

OK/ watt 

OK/watt 

OKIwatt 

OKIwatt 

OK/ watt 

OK/ watt 

OK/ watt 

OK/ watt 

watt - s e c  / OK 

watt - sec/ OK 

OK 

OK 

OK 

OK 

O K  

OK 

OK 

OK 

OK 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Variable 

Variable 

Variable 

Variable 

Variable 

Variable 

Variable 

Variable 

Variable 
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. 

REACTANT CONTROL SYSTEM 
. (SECTION 6 . 0 )  

RANGE M -  UNITS CHARACTER I 
20 - 100 

1 104 - 
4 104 
l . O x 3 . 0  

1 .0  - 1 . 5  

50 - 250 

. 0 5  - . 1 5  

. 0 5  - . 1 5  

5 - 50 

. 0 5  - , 2 0  

. 0 1  - . 0 5  

20 - 50 

. 05 - . 150 

90 - 150 

. 0 1 0  - . 1 0  

.005 - .025  

50 - 250 

80 - 125 

50 - 250 

. 0 0 5  - . 0 2 5  

0 - - 2 5  

10 

1 o4 

0. 5 

0. 1 

50 

. 025 

. 025 

5 

. 0 2  

. 0 1  

5 

. 025 

1 0  

. 0 1  

. 005  

50 

5 

50 

. 005 

. 0 5  

l b / h r  / kw 

lb/ inL / lb 

l b / h r  
lb/in2 

lb/ inL / lb 

kw/lb/in2 

Dimensionless 

Di mens  i onle s s 

Seconds 

Seconds 

Seconds 

1 bs  / in2 

Seconds 

lbs / in2  

Seconds 

kw 

kw 

lbs 

kw 

kw 

lbs / h r  

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Variable 

Constant 

Constant 

Constant 

Variable 

Variable 
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RADIOISOTOPE THERMOELECTRIC GENERATOR 
(Section 7. 0 )  

INCRE- 
VALUE/ RANGE MENT UNITS CHARACTER 

0 - 1000 100 Watts Variable 

Cii 0 - 1000 100 W a t t s  Variable 

wF 

60 0 - 1000 - -  W a t t s  Variable 

br 0 - 1000 - -  Watts Variable 

0 - 1000 - -  Watts Va  ria bl e 6, 
, 0 3  - 4 .0  * 01 OK/ Watt Constant Rce  

Ref . O l  - . 1 0  . 01 OK/ Watt Constant 

Rs e 3. o 10-4 - 
3 .  o 3 ~ 1 0 - ~  OK/Watt Constant 

t 

Rf 3 10-3 - 
9 10-3 OK/ W a t t  Constant 

Q, 1000 - 5000 1000 Watt - s e c / OK Constant 

Qie 116 - 475 20  OK Variable 

50 - 500 - -  OK Variable Qrn 

5 500 - -  OK Variable Qoe 

QS 440 - 500 10 OK Variable 

Qe 440 - 500 - -  OK Variable 

Qf f 500 - -  OK Variable 

A . 0 0 2 2  wg - 
. 0066 W g  1 0 - 4 ~ ~  Meters' Constant 
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I N C R E -  
ITEM V A L U E / R A N G E  M E N T  UNITS CHARACTER 

5. 67 x - -  W a t t s  

Meter2  -OK4 
C o n s t a n t  

cx . 10 - , 50 0. 1 D i m e n s i o n l e s s  Constant 

H 0 - 1600 200 W a t t s  /Meter2 V a r i a b l e  
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RADIATOR - 
(SECTION 8. 0 )  

8 

I N C R E -  
i l l E M  VALUE/RANGE X l E N T  u w r s  CH-A R A  C T E R  

250 - 2500 100  Watts \-a riable 

50 - 500 - -  Watts 1-ariable QO 

QT 

84 H 
.. 4 
'c 6 oe 

Qe 

Qi 

QO 

Qrn 

Rc e 

Ref 

A 

200 - 2000 

0 - 1600 

200 - 2500 

250 - 400 

320 - 600 

200 - 500 

250 - 410 

. 0 5  - . 1 5  

. 0 1  - . 0 6  

1000 - 6000 

5. 0 - 15. 0 

- -  

100 

100 

- -  

. O l  

. 0 0 5  

1000 

1 . 0  

Watts 

Watts / &le te  r2  

W a t t s  / Mete r 

OK 

OK 

OK 

OK 

OK/ Watt 

K/  Watt 

2 

0 

Watt - s e c / OK 

Meter2 

\-a riable 

1-a riable 

\-ariable 

\-a riable 

\'a riable 

I'aI-iable 

\*a riable 

C on s ta lit 

Constant 

Constant 

C r 11 s ta nt 

c 



r 

. 
POWER DISINBUTION SYSTEM 

(SECTION 10. 0 )  

INCRE- 
VALUE/EWNGE MENT UNITS CHARACTER 

EM 30 - 3 2  - -  Volts Variable 

EL 24 - 32 - -  Volts Variable 

RO . 04 - . 06 . 0 0 5  V ol t s / A m p Constant 

RC . 0 0 5  .OOl Volts /Amp C ons tant 

RSB . 005 .OOl Volts/Amp Constant 

Rs s . 001 .OOOl Volts /Amp Constant 

. 001 . 0001 Volts/Amp Constant RPB 

RssB . 005 . O O l  Volts/Amp Constant 

Rsss  . 001 . O O O l  Volts /Amp Constant 

RL . 3 0  - 1 . 8  . 0 1  Volts /Amp Va  ria D ie 

LSB (. 5 - 5 ) x  10-6 10-7 Volt -Sec /Amp Constant 

LPB . 5  x 10-6 - 

LSSB . 5  x 10-6 - 
5 x 1L-6 10-7 Volt -Sec/ Amp Constant 

5 x 10-6 Volt-Sec/Amp Constant 

. 5  x 10-6 - F a c t o r s  Volt -Sec /Amp Variable 
5. 0 of Ten 

LA 

J 

K . 80 - . 96 .Ol  Dimensionless Variable 

54 



I 

KASA Eeadquarters 
MTF Col. T. Evzis 
NTF Maj.  2. Andrews (2 )  
MTF Mr. D. Beattie 
3-1 Dr .  James B. Edson 
M T F  William Taylor 

Kennedy Space Center 
K-DF M r .  von Tiesenhausen 

Sorthrop Space Lzboratories 
l-iuntsville Departmezit 
Qace Systems Section (5) 

SciectiSc and Technical Information Facility 
?.O. 3ox 5700 
B e h s d a ,  Maryland 

Aitn: NASA Representative ( G-AK RKT) (2)  

,1Ianned Spacecraft Center 
Lio-ston, Texas 
Mr. Gillespi, MTG 
IiZiss 34, A. Sullivan, BNR 
Zohn M. Eggleston 
C. Coyington, ET-23 (I) 
Williaa E. Stanley, ET (2 )  

Sonald Ellston 
X\/:anaed Lunar ExqAo ration h v  e s tigation 
Astrogeological Bracch 
uszs 
Flagstaff , Arizona 

Langley Research Center 
Hanipton, Virginia 

Mr. R. S. Osborn 

55 


